The A-E coupling effect in the neutron-rich A-hypernucleus Li by microscopic shell model 
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We investigate the structure of the neutron-rich A-hypernucleus '"Li by using microscopic shell-model calcu- 
lations considering a A-E coupling effect. The calculated E-mixing probability in the '"Li ground state is found 
to be about 0.34 % which is coherently enhanced by the A-E coupling configurations, leading to the energy shift 
0.28 MeV which is about 3 times larger than that in 7 x Li. The importance of the E configuration obtained by the 
Y.N interaction and the potentiality of the neutron-rich environment are discussed. 
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I. INTRODUCTION 

One of the most important subjects in strangeness nuclear 
physics is a study of neutron-rich A-hypernuclei [1]. It is ex- 
pected that a A hyperon plays a glue-like role in nuclei be- 
yond the neutron-drip line, together with a strong AN-1.N 
coupling [2, 3], which might induce a Z-mixing in nuclei. The 
knowledge of behavior of hyperons in a neutron-excess en- 
vironment significantly affects our understanding of neutron 
stars, because it makes the Equation of State soften [4]. The 
purpose of our study is to theoretically clarify the structure 
of the neutron-rich A-hypernuclei by a nuclear shell model, 
which has successfully been applied for description of the 
neutron-excess nuclei [5-8]. 

Shell-model studies for p-shell A-hypernuclei have been 
performed by several authors [9-16]. A series of pioneer- 
ing shell-model calculations was carried out by Gal, Soper 
and Dalitz [9] in the 1970s, using AN effective interactions 
parametrized from the available data. The y-ray transitions 
for p-shell A-hypernuclei [10, 11] and A production cross 
sections of (K~,n~) and (n + ,K + ) reactions [12, 13] were suc- 
cessfully explained by shell-model descriptions. Recently, 
energy spacings of p-shell A-hypernuclei have been studied 
by Millener's shell-model calculations including the A-E cou- 
pling [14], so as to interpret the precise data of p-shell A/ « Z 
A-hypernuclei from y-ray measurements by Ge detector [17]. 
Moreover, properties of the AN effective interactions derived 
form the recent Nijmegen potentials [18-20] in shell-model 
calculations have been discussed [15, 16]. 

Recently, Saha et al. have performed the first successful 
measurement of a neutron-rich A-hypernucleus '"Li by the 
double-charge exchange reaction (n~ , K + ) on a 10 B target [21]. 
However, the magnitude and incident-momentum dependence 
of the experimental production cross sections cannot be re- 
produced in a theoretical calculation by Tretyakova and Lan- 
skoy [22]. They predicted that the cross section for '"Li is 
mainly explained by a two-step process, n~p — > K°A followed 
by K°p -> K + n,orn p — > 7i°n followed by n°p — > K + K with 
the distorted-wave impulse approximation, rather than by a 
one-step process, n~p — » K + T.~ via doorways due to the 



YTp <-> An coupling. This problem might suggest the impor- 
tance of a E-mixing in the A-hypernucleus. The analysis of 
the 10 B (7r~, K + ) reaction provides a reason to carefully exam- 
ine wave functions involving E admixtures in '"Li, as well as 
a mechanism of this reaction [23]. 

In this paper, we investigate the structure of the neutron- 
rich hypernucleus '^Li, in microscopic shell-model calcula- 
tions considering the A-E coupling effect. We focus on the 
E-mixing probabilities and the energy shifts of the neutron- 
rich hypernucleus. Also, we investigate the effect of the 
EA/ interaction to the core-nuclear state by the perturbation 
method. We discuss that the coupling strengths are enhanced 
in the neutron-rich A-hypernucleus and are related to the j3- 
transition properties of the nuclear core state. 



II. FORMALISM 



A. Multi-configuration shell model for A-hypernuclei 



We consider a A-nuclear state involving a E-mixing in a 
A-hypernucleus A Z with the mass number A and the atomic 
number Z in a multi-configuration nuclear shell model. The 
state of the A-hypernucleus is represented by \{ A A Z)vTTJM), 
where T and T, are the isospin and its z-component, respec- 
tively, and J and M for the angular momentum. The index v 
is introduced to distinguish states with the same T and J. 

In the configuration space for the A-hypernucleus involving 
a A-E coupling, the Hamiltonian is given as 



H = H k + 



V- 



(1) 



where H A is the Hamiltonian in the A configuration space and 
is that in the S configuration space. V A2 and its Hermitian 
conjugate V EA denote the two-body A-E coupling interaction, 
A7V <-> I.N. Then, we can write the A-nuclear state with T, J 
as 



\( A A Z)vTJ) = J] C„X; TJ) + ^ D y ^,; TV), 



(2) 



where \tj/^; TJ) and |^,; TJ) are eigenstates for the A and X 
configurations, respectively, which are given by 



HA<K\TJ) 
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HM,;TJ) = El,\ifc-,TJ). 



(3) 
(4) 
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Although the coefficients C vfl and D VfI , are determined by di- 
agonalization of the full Hamiltonian H, we treat V AE and V 2A 
as perturbation because a S hyperon has a larger mass than a 
A hyperon by about 80 MeV. When taking into account up to 
the first-order terms, the coefficients can be written as 



(^■TJW^-TJ) 
El - £f> 



(5) 



(6) 



Since a A-S coupling strength for each S eigenstate |^,; 7V> 
is obtained as \D YI1 ,\ 2 , the X-mixing probability in the A- 
nuclear state |( A Z)v7V) is given as 



(7) 



or 



= (ZM/( 1+ IX,4 (8) 



where the latter probability is a renormalized value. The bind- 
ing energy E A - AE is calculated by the energy shift which is 
given as 



(9) 



in the perturbation theory. 

It is well known that a A hyperon in a A-hypernucleus is 
described by the single-particle picture very well because the 
AA interaction is weak. On the other hand, in terms of a S 
hyperon, the nuclear configuration would change due to the 
strong spin-isospin dependence in the IN interaction [24]. 
In order to evaluate the single-particle picture for a hyperon, 
we consider a spectroscopic factor for a hyperon-pickup from 



(r,\TJ\\a) y 



( A - 1 Z)v N T N J N )\ 



(27/ + l)(2J+ 1) 



(10) 



where |( A l Z)v N T N J N ) is an eigenstate of the core nucleus, 
which is obtained by diagonalizing in the nucleon configura- 
tions, and a '. is a creation operator of a single-particle state of 
the hyperon in an orbit j Y . The matrix element (-|| • ||-) with the 
Edmonds' convention [25] is reduced with respect to both the 
isospin and the angular momentum. The spectroscopic factor 
satisfies the sum rule 



Yj S K (v N T NJ N JY) = n j r > 



(ID 



where rtj is the number of hyperons in the orbit j y . If a hy- 
peron in the hypernucleus provides the single-particle nature, 
the state \i//J l ; TJ) is represented as a tensor product of a core- 
nuclear state \(^~~ l Z)v caa T N J N ) and a hyperon state \j Y ); we 
obtain S M (y N T N J N ,j Y ) = 6^^, where v N = v core means the 

core state is equivalent to the A_1 Z state in the weak-coupling 
limit. 



TABLE I: Radial integrals for YN effective interactions in unit of 
MeV. The values are listed in Ref. [14] for the AN interaction V A and 
the A-S coupling interaction V AS , and Ref. [27] for the X/V interaction 





Isospin 


V 


A 


s + 


S_ 


T 


^A 


T = i 

1 2 


-1.2200 


0.4300 


-0.2025 


0.1875 


0.0300 




r=i 


1.0100 


-7.2150 


-0.0010 


0.0000 


-0.3640 




T=l 


-1.1070 


2.2750 


-0.2680 


0.0000 


0.1870 


V V 

AS' ZA 




1.4500 


3.0400 


-0.0850 


0.0000 


0.1570 



B. Shell-model setup and effective interactions 



In the present shell-model calculations, we construct wave 
functions of A Z as follows: Four nucleons are inert in the 4 He 
core and (A - 5) valence nucleons move in the /?-shell orbits. 
The A or Z hyperon is assumed to be in the lowest 0s l ^ 2 orbit. 
For the AW effective interaction, we adopt the Cohen-Kurath 
(8-16) 2BME [26], which is a traditional and empirical inter- 
action for ordinary /?-shell nuclei, and is one of the reliable 
effective interactions for stable and semi-stable nuclei. The 
YN effective interaction is written [9-1 1] as 

V Y = V„(r) + V lT (r)s N ■ s Y + V LS (r){ ■ (s N + s Y ) 

+ V^sW ■ (s N + s Y ) + V T (r)S u , (12) 

where V(r)'s are radial functions of the relative coordinate 
r = \r N - r Y \ between the nucleon and the hyperon. s N and 
s Y are spin operators for the nucleon and the hyperon, respec- 
tively, and t is the angular momentum operator of the relative 
motion. The tensor operator S n is defined by 



5 12 = 3 (f ■ cr N ) (r ■ o>) - (<r N ■ tr r ) 



(13) 



with a -2s and r = (r N - r y )/r. In Table I, we list the param- 
eters of radial integrals V, A, S + , S _ and T, which correspond 
to V , Vp., V LS , V ALS and V T , respectively. The parameters 
S + and S _ are defined as the coefficients of t N ■ (s N + s Y ) and 
t N ■ (s N + s Y ), respectively, where t N is the angular momen- 
tum operator of the nucleon and is proportional to the relative 
t for the hyperon in the 0s 1/2 orbit. We adopt the values of 
V A which is given in Ref. [14]. For V AS and V 2 , we used the 
AN-1.N and I.N effective interactions [14, 27] based on the 
NSC97e,f potentials [19]. 



III. NUMERICAL RESULTS 



A. E-mixing probabilities and energy shifts 



We perform numerical calculations of the neutron-rich A- 
hypernucleus A Li in order to evaluate the 2-mixing probabil- 
ities and the energy shifts which are obtained by Eqs. (7)-(9). 
In order to check our shell-model calculation, we compare 
our numerical results for the Z « Af A-hypernuclei to other 
work [14]. We obtain the energy shifts, e.g., AE = 0.085 and 
0.073 MeV for the ground states of A Li and A B, which are 
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TABLE II: The calculated E-mixing probabilities of '^Li. All states 
in the table have the isospin T = 3/2. 



J" 


P z [%] 


Pz- [%] 


P E o [%] 


P E+ [%] 


l, s . 


0.345 


0.183 


0.159 


0.002 


2" 


0.166 


0.096 


0.070 


0.000 


0" 


0.185 


0.098 


0.086 


0.001 


i; 


0.227 


0.128 


0.098 


0.001 




0.350 


0.187 


0.162 


0.001 


3" 


0.175 


0.104 


0.071 





FIG. 1 : Schematic energy levels for A and £ ground states of pLi. 
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FIG. 2: The energy spectra of '?Li by the shell-model calculation 
with the A-Z coupling. The experimental 9 Li binding energies are 
taken from Ref. [28]. All states in the figure have the isospin T = |. 



comparable to the Millener's results of 0.078 and 0.066 MeV, 
respectively. Therefore, we confirm that our calculations fully 
reproduce the Millener's results. 

In Fig. 1, we show the schematic energy levels for the A 
and X ground states of '"Li. Here, we assume that the dif- 
ference between A and 2 threshold energies is £( 9 Li g s +2T) - 
£X 9 Li g s +A) = 80 MeV. Thus the energy of the S ground state 
> is calculated to be E| s - E^ s = AM + B A - = 69.3 
MeV, measured from that of the A ground state ). 

The calculated energy levels for the ground and low-lying 
excited states in A Li are shown in Fig. 2. Here, the experi- 
mental 9 Li binding energies [28] are used for the core-nucleus 
energies, instead of the calculated ones. The energy shift AE 
for '°Li is obtained to be 0.280 MeV which is about 3 times 
larger than that for A Li or A B. As shown in Fig. 2, the values 
of energy shifts for the low-lying excited states also account 
for about a few hundreds of keV. In particular, the second 
2~ state with the 4.604 MeV excitation energy has the large 
energy shift of 0.282 MeV. The calculated E-mixing proba- 
bilities are shown in Table II. It is found that the E-mixing 
probability is = 0.345 % in the 1~ ground state of —Li, 



where the effect of renormalization is very small, = 0.344 
%. The E~ and S° admixtures for the —Li ground state are 
P E _ = 0.183 % and P 20 = 0.159 %, respectively. The S + ad- 
mixture is negligible. This is the first result that the E-mixing 



probabilities and the energy shifts in the neutron-rich hyper- 
nucleus are coherently enhanced by the configuration mixing 
in the nuclear shell model. 



B. A and 2 eigenstates 



We examine an enhancement of E-mixing probabilities and 
energy shifts of —Li eigenstates by the configuration mixing 
in the £ states, which couple to the A states by the A-S cou- 
pling. In order to investigate a change of the core-nuclear con- 
figuration due to the YN interaction, we estimate the energy 
spectra and the hyperon-pickup spectroscopic factors in the A 
and S eigenstates with T — f, J" — V including the ground 
and excited states. 

The calculated energy spectra of A eigenstates |t/^); TJ) are 
shown in the left panel of Fig. 3, measured from the ground 
state. We find that the energy spacings between the levels of 
—Li are very similar to those of 9 Li with T — |, J" = i , | , 
as seen in Fig. 3. We confirm that the 9 Li core state is slightly 
changed by the addition of the A hyperon, and that the A hy- 
peron behaves as a single-particle motion in the nucleus [24] 
because the AA^ interaction is rather weak. The results are 
supported by the calculated A-pickup spectroscopic factors 
of Eq. (10). In Fig. 3, we also show the calculated spectro- 
scopic factors S A for the A ground and two excited states; (a) 
(T,J n ) = (§, l") gs at 0.0 MeV, (b) (§, 1") 5 at 9.5 MeV, and 
(c)(|,l-) 1Q atl6.0MeV. In the case of (a), we obtain S A ~ 1 
for the 9 Li ground state and S A ~ for other eigenstates. Sim- 
ilarly, in the case of (b), S A ~ 1 for the 9 Li eigenstate. In the 
case of (c), S A has a large value for the two eigenstates, be- 
cause these states are almost degenerate. 

In Fig. 4, we display the calculated energy spectra of 2 
eigenstates in A Li and of 9 Be eigenstates with T = h, |, 4 and 
J" = 1 



\ , together with the S-pickup spectroscopic factors 
S s _ for three states; (a) (§, r) g s at 0.0 MeV, (b) (|, 1 _ ) 4 at 

9.4 MeV, and (c) (|, 1") 13 at 19.7 MeV. The excited states of 
(b) and (c) are strongly coupled to the A ground state in the 
energy regions of E% s - * 80 and 90 MeV, respectively, 
as we will mention in Fig. 5. The distributions of for (b) 

and (c) widely spread with the multi-configuration of 9 Be*, as 
seen in Fig. 4. This implies that the S hyperon has the ability 
of largely changing the core-nuclear configuration. 

The calculated A-S coupling strengths between the 
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FIG. 3: Calculated energy spectra for A eigenstates of '°Li and eigen- 
states of 9 Li. A-pickup spectroscopic factors for three eigenstates, 
labeled by (a), (b), and (c), are shown in each panel. 
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FIG. 4: Calculated energy spectra for £ eigenstates of JjLi and eigen- 
states of 9 Be. £~-pickup spectroscopic factors for three eigenstates, 
labeled by (a), (b), and (c), are shown in each panel. 
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FIG. 5: A-£ coupling strengths \D , | 2 of the £ eigenstates in the 
ground state of '°Li. 
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S eigenstates and the A ground state |^ s ) are shown 
in Fig. 5. It should be noticed that a contribution of the X 
ground state \tfr^ s ) to the E-mixing of the ground state of '°Li 
is reduced to \D„ s | 2 = 0.002 %, whereas the several X excited 
states in the £y - £g s sss 80 MeV region considerably con- 
tribute to the X-mixing. These contributions are coherently 
enhanced by the configuration mixing which is caused by the 
XV interaction. It is shown that the nature of the X-nuclear 
states plays an important role in the A-X coupling. 

However, it should be noticed that the XV interaction has 
still ambiguities. The values of radial integrals in the XV 
T = \ effective interaction, V = -1.107 and A = 2.275 
MeV in NSC97e,f, lead to the attractive 3 S 1 interaction of 
33 y = V + ±A = -0.538 MeV, as pointed out in Ref. [29], 
whereas the T — |, 3 S l interaction may be repulsive [30, 31] 
because of recent suggestions of repulsive X-nuclear poten- 
tials [29, 32-34]. Further theoretical investigation are needed. 



FIG. 6: (a) Fermi-type coupling strengths |D^,| 2 and (b) Gamow- 
Teller-type coupling strengths |-D°, T | 2 of the £ eigenstates in the 
ground state of '"Li. 

IV. DISCUSSION 

It is important to understand a mechanism of the A-X cou- 
pling in neutron-rich nuclei microscopically. When a A state 
in '°Li converts to a X~ state by the A-X coupling inter- 
action, the 9 Li core state changes into the 9 Be core state. 
In other words, the fT -transition, 9 Li — > 9 Be, occurs in the 
core-nuclear state. Thus it is interesting to consider the /3- 
transitions between the core-nuclear components of A and X 
eigenstates in order to investigate the strength distribution of 
the A-X coupling. The two-body A-X coupling interaction V^ A 
is approximately rewritten as 

- VL + Vg? (14) 
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with 



VL = V F (r)t N ■ ZA , 
V^I = V GT (r)((T N -(T ZA )t N 



(15) 
(16) 



where t N and <r N t N denote the Fermi and Gamow-Teller f3- 
transition operators for nucleons, respectively, and the opera- 
tor EA changes the A hyperon into the £ hyperon, 



(17) 



and has tensorial rank-0 in the spin space and rank-1 in the 
isospin space; o" 2A is the spin operator for a hyperon. There- 
fore, V£ A and are regarded as the Fermi-type and Gamow- 
Teller-type coupling interactions, respectively. We stress 
that the A-Z coupling strengths {D^l 2 are extremely affected 
by strengths of these /3-transitions between the core-nuclear 
states. We discuss which type interaction in V 2A contributes to 
the coupling strengths in the regions of Efj, - E£ s « 80 MeV, 
as shown in Fig. 5. We can evaluate the strengths, 



F ,2 



I^ GT I 2 



<^,;7V|Vf A |^,;7V> 



.s 

•■' :/.'|V^,;7./ 
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E A 



(18) 
(19) 



using V 2A = 1.45 MeV and A EA = 3.04 MeV in Table I. The 
calculated strength distributions of the Fermi- and Gamow- 
Teller-type couplings are shown in Figs. 6 (a) and (b), re- 
spectively. Comparing Fig. 6 with Fig. 5, we recognize 
the Fermi and Gamow-Teller components coherently con- 
tribute to the A-S coupling strengths in the energy region of 
- E^ s » 80 MeV. The calculated 2-mixing probability 
involving both couplings is 



z 



(^;,TJ\(Yl, + V^)\^;TJ) 



0.350 %, (20) 



which is close to the full calculated probability P 2 = 0.345 %, 
while 2^ |£>J;,| 2 = 0.144 % is obtained for the Fermi type and 
^ \D^7\ 2 = 0.098 % for the Gamow-Teller type. 

The Fermi-type operator t N ■ 2A does not change the core- 
nuclear states in |t/r A s ), which is equivalent to the Fermi /3- 
transition, \( A Z)vTT z JM) -» \( A Z+l)vT T z +1 JM). Note that 
this transition can change only T z . By the Fermi /3-transition 
from the 9 Li T = | ground state, the 9 Be* T = | excited state 
is populated around E x ( 9 Be*) 14 MeV, measured from the 
9 Be T = j ground state. If the weak-coupling limit in the I.N 
interaction works well like the AN interaction, the coupling is 
concentrated on the only one state. As a result, one peak arises 
at Ejj, - E^. ~ 80 MeV in the coupling strength. However, 
the calculated strength distribution of \D^,\ 2 widely spreads to 
the energy regions of - E^ s = 75-80 and about 90 MeV, 
as shown in Fig. 6 (a). This means that the 2 hyperon changes 
a nuclear configuration mixing due to the strong spin-isospin 



dependence in the 1.N interaction, leading to the coherence of 
the A-Z coupling. 

In order to see the potentiality of the neutron-rich nu- 
clei clearly, we discuss why the energy shift for A Li is 
about 3 times larger than that for A Li. The enhancement of 
the 2-mixing probabilities in neutron-rich A-hypernuclei is 
mainly due to the Fermi-type coupling interaction V£ A , which 
might correspond to the coherent A-S coupling suggested in 
Refs. [2, 3]. When we use the weak-coupling limit for sim- 
plicity, we consider a matrix element of V£ A between A and S 
states, 



<VL> = {T N =TJ N ,h; TJ\Vl A \T N =TJ 



' N J A ;TJ), (21) 



where the A and 2 states must have the same core-nuclear 
state \T N J N ). If we assume that V F (r) = V F , we obtain 



(vL) 



-4 



4T(T + 1) 



(22) 



and find that the Fermi-type coupling strength \D^,\ is pro- 
portional to T (T + 1). Therefore, the Fermi-type coupling 
strengths play the important role in the 2-mixing probabil- 
ity of neutron-rich A Li eigenstates because of T = |. On 
the other hand, in A Li T = states, the Fermi-type coupling 
strengths vanish whereas the Z-mixing probability is mainly 
caused by the Gamow-Teller- type coupling strengths. 

In the Gamow-Teller transitions for ordinary nuclei, the 
sum rule [35] 



^ B(GT-) - ^ B(GT+) = 3 (N - Z) 



(23) 



is well known as a model independent formula, where 
B(GT+) is a strength of the Gamow-Teller ft* -transition, 
\ A Z) -> \ A Z+\). In general, 2 B(GT+) becomes smaller 
as neutron-excess grows larger, leading to 2 B(GT-) w 
3(N -Z). Therefore, the Gamow-Teller- type coupling is very 
important in A-hypernuclei with large neutron excess. 



V. SUMMARY AND CONCLUSION 

We have investigated the structure of the neutron-rich A Li 
hypernucleus, in shell-model calculations considering the A- 
S coupling in the perturbation theory. We have found that 
the 2-mixing probabilities and the energy shifts of A Li eigen- 
states are coherently enhanced by the A-2 coupling configura- 
tions in the neutron-rich nucleus. We have argued the effects 
of the A-E coupling interaction in terms of the /^-transitions 
for the core-nuclear states. The reasons why the 2-mixing 
probabilities are enhanced are summarized as follows: (i) The 
multi-configuration S excited states can be strongly coupled 
with the A ground state with the help of the 1.N interac- 
tion, (ii) These strong A-Z couplings are coherently enhanced 
by the Fermi- and Gamow-Teller- type coupling components, 
(iii) The Fermi-type coupling becomes more effective in the 
neutron-rich environment increasing as T (T + 1). 

In conclusion, we have found that the S-mixing probability 
is about 0.34 % and the energy shift is about 0.28 MeV for 
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the neutron-rich °Li l g s ground state, which is about 3 times 
larger than that for ^Li. This is the first estimation of the S- 
mixing in the neutron-rich hypernuclei by microscopic shell- 
model calculations. 
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